INTRODUCTION
The displayed images from ultrasonic scanning systems depend strongly on the characteristics of the overall signal path. These include the reflection or scattering processes that form the echoes, the characteristics of the transducers, the electronic systems, radiation coupling phenomena, and attenuation and phase velocity dispersion in the test medium. The ability to interpret complex images, or even to improve them by computational means, depends much on our understanding of the physics of wave propagation in the test medium, and on the transducer responses.
It is possible to predict quantitatively the beam degradation observed in attenuating media, and to show that the strong influence of bandwidth on the frequency shift in attenuating media require careful design to arrive at an adequate compromise between pulse length (range resolution) and average frequency at different depths in the field (lateral resolution).
In this paper we present a simulation package of the signal pathway in a simple pulse-echo system operating into an absorbing medium under linear perturbation.
It has enabled us to study the effects of attenuation on pulse waveforms, and the tradeoff between sensitivity and range resolution, taking into account electronic noise generated by the system. In our simulation, we have considered an unfocused single element pulse-echo transducer aligned with its face parallel to a flat lossless target in an absorbing medium. We assume simple impulse excitation to the transducer, and consider the received echo waveform and its frequency spectrum, at the terminals of the same transducer. The simulation of the signal path includes (i) the non-uniform nature of the acoustic field, as expressed by the radiation coupling response from the transducer to the target and back again;
(ii) absorption and velocity dispersion, taking typical characteristics of soft biological tissues as an example; (iii) the electro-acoustic properties of the transducer. The approach taken is to assume that these three processes are linear, time invariant and separable from each other.
The overall signal pathway is assumed to be the convolution of three impulse responses representing, respectively, the acoustic field, absorption and dispersion, and the transducer. Equivalently, the signal pathway can be considered in the frequency domain, as a multiplication of the transfer function representing each of the three phenomena.1) In our simulation it is possible to take either a time domain or a frequency domain approach for each phenomenon, and to transfer to the other domain by means of fast Fourier transform (FFT).
TRANSIENT DIFFRACTION IN THE ACOUSTIC FIELD
Transient acoustic radiation from circular transducers is most simply formulated in terms of the planewave-edgewave hypothesis.20) Starting with the Rayleigh integral, pressure at a point in the acoustic field is shown to consist of two componentsa plane-wave due to axial piston-line movement of the whole active face of the device; this is known as the face wave. It is followed by a diffracted wave emanating from a line source around the periphery of the piston. The two components are of opposite sign and of equal integral in the time domain, yielding zero response at zero frequency. For a transmission system with two circular transducers aligned coaxially with their faces parallel, and assuming no energy absorption in the medium between the two devices, the face wave applies a plane disturbance equally at all points on the receiver. The effect of the edge wave is to sweep across the receiver trans. ducer face, the device response being in proportion to the surface integral of instantaneous pressure on its face. For disc transducers of equal diameter the force coupling impulse response has been formulated by Rhyne4) as the medium, Ts is the shear relaxation time and G. is the high frequency shear modulus. Acoustic attenuation due to shear relaxation invariably can not be accounted for by a single relaxadon times instead a continuous distribution of relaxation times must be used. This is because the relaxation process arises from the finite time taken for molecules to diffuse between adjacent shearing layers in the medium.°
The time taken for a particular molecule to diffuse depends upon its local environment which because of the random nature of medium is different for each molecule. Consequently the bulk behavior of the medium can only be described by a distribution of relaxation times and the real and imaginary parts of bulk modulus takes the form, (6) and (7) where g(ƒÑ/ƒÑv) represents the distribution of relaxation times and is normalised such as
The real and imaginary part of the shear modulus can be written in a like manner when a distribution of relaxation times exists. The simulation relationships of Eqs. (2) 
The transfer of the absorption process can be written as (10) where L is the distance from transmitter to target and back again. 4 . Fig. 2 The voltage at the transducer terminal when an echo is received from a plane reflector in a lossless medium without consideration of radiation coupling. 
OVERALL SYSTEM RESPONSE
The signal pathway of a pulse-echo system consists of the responses of the transducer in transmis- (11) where * represent the convolution integral, given by (12) The symbols have the following meanings: fT(t) = transmission transducer impulse response; 
where (14) or equivalently (14a)
SIMULATION RESULTS
The simulations were carried out by multiplying the transfer functions of the two transducer responses by the radiation coupling response and the transfer function of the transmission medium in the frequency. domain. The resulting response was then converted back into the discrete time domain by inverse Fourier transformation.
In order to investigate the combined effects of the transducer and the phenomena described above on scanning system performance the simulation was applied to a medium of soft biological tissue (see Ref. 15) ). The pulse-echo response of the transducer shown in Fig. 2 has been combined with the radiation coupling and medium absorption responses for a depth of 10 cm in biological tissue. The overall time domain response at the receiver terminal is shown in Fig. 5 . From this figure it can be seen that the duration of the signal increases after propagation in the loss medium. Figure 6 shows the spectrum of This response includes the effects of the transducer, absorption, velocity dispersion, and radiation coupling. the original pulse after travelling 10 cm through biological tissue (pulse-echo range 5 cm). Figure 7 shows the shift of the pulse centre frequency. It is clear from this figure that the receiving transducer can not work in resonance because the frequency spectrum of the receiving pulse depends on the filtering effects of absorption and depth. This causes sensitivity loss and, at the same time the resolution is lowered by the dominance of longer wavelengths in the acoustic signals.
The sensitivity loss is defined as the decrease in the maximum height of the acoustic pulse at the receiver. If Sc, represents the maximum height of the original pulse transmitted by the transducer and 8S represents the decrease in pulse height alter travelling through biological tissue, then 8S/So represents the loss of sensitivity. Figure 8 shows the loss of sensitivity at different depths in soft tissue. Figure   9 shows the calculation of signal to noise ratio 
CONCLUSIONS
This paper has described a simple simulation of the signal pathway in a pulse-echo A-scan system. The model includes the transient radiation coupling process, frequency dependent absorption in the test medium, and piezoelectric transducer insertion effects. The soft tissue is considered as a viscoelastic liquid or a voigt body in which the elastic and viscous components are assumed to be in parallel. The simulation has been used to estimate the degradation in longitudinal resolution that results from frequency dependent signal loss. For a given medium and imaging depth it provides a means by which the transducer properties can be defined quantitatively to satisfy the range resolution requirements of a scanning system. The calculation of the signal to noise ratio and its trade-off with
